Nanometric Cr-Al multilayer films are deposited by magnetron sputtering to investigate the influences of composition and annealing on the microstructure, phase transformation, and hardness. The enhancement of hardness of as-deposited coatings is attributed to solid solution strengthening and grain size strengthening. For the Cr 1002x Al x coatings with x = 30 at.% and x = 62 at.%, respectively, the annealing process prompts the formation of Cr 2 Al and Cr 5 Al 8 intermetallic compounds. The enhancement of hardness of annealed coatings is primarily caused by the intermetallic formation and secondarily by oxide layer formation.
Introduction
Cr-Al alloys find application in various fields including the aerospace industry and other high-temperature environments due to their low specific weight and high thermal stability. 1 In addition, Cr-Al films have high electrical resistivity and excellent heat resistance and are therefore ideally suited to the fabrication of highly integrated electronic components. 2 Moreover, Al alloys and Al-based intermetallic coatings have high hardness and good corrosion resistance and are thus widely used for corrosion protection in aggressive environments. Previous studies have shown that the microhardness of Al coatings can be increased to 10 GPa through the addition of transition metals in suitable quantities, for example, 20 at.% Cr. 3 Furthermore, salt bath results have shown that Cr-Al coatings with 18 at.% Cr have excellent corrosion resistance (i.e. more than 800 h without corrosion) 4 In addition, Cr-Al intermetallic compounds (IMCs) such as Cr 2 Al and Cr 5 Al 8 act as reservoir phases of Cr and Al, and hence contribute toward protective scale formation. 5 Various methods have been proposed for preparing Cr-Al IMCs, including levitation induction melting, 6 mechanical alloying, 7 mechanically activated annealing, 8 laser surface alloying, 9 and vacuum fusing. 10 Nanoscale multilayer films have attracted significant interest due to their many favorable mechanical, structural, optical and electronic properties. Many intermetallics of Al/TM have been prepared via the heat treatment of nanoscale multilayer films, including Al/ Pd, 11 Al/Ti, 12 Al/Ni, 13 Al/Mg, 14 Al/Cu, 15 and Al/Ru. 16 However, the literature lacks a detailed investigation into the microstructure and phase transformation of nanometric Cr-Al multilayers before and after heat treatment. Accordingly, this study investigates the effects of Al addition and annealing on the microstructure, phase transformation, and hardness of nanometric Cr-Al multilayer films.
Experiment
Nanometric Cr-Al multilayer films were deposited on AISI M2 steel substrates by magnetron sputtering at room temperature. Four rectangular targets were installed around the cylindrical deposition chamber. To obtain the desired overall chemical composition (Cr 1002x Al x , x = 14 to 62 at.%), the Cr targets were operated at a constant 1.2 3 10 22 W mm
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, while the power of the Al target was adjusted as required. The targets were powered by a constant direct current (DC) supply, whereas the substrate was biased with a pulsed DC supply. A Cr interlayer with a thickness of approximately 80 nm was deposited prior to the sputtering of the Cr-Al films. Multilayer Cr-Al films with a bilayer period of approximately 12 nm were produced by varying the rotation speed of the substrate turntable. The total thickness of the bilayer films was around 2.5-3.0 mm. To form Cr-Al alloy coatings, the asdeposited multilayer films were heated from room temperature to 600°C over a period of 1 h under ambient conditions. The phase constitutions, crystal structures, chemical compositions, and microstructures of the asdeposited and annealed films were characterized by means of X-ray diffraction (XRD), field emission scanning electron microscopy (FESEM), energy-dispersive spectroscopy (EDS), scanning transmission electron microscopy (STEM), and glow discharge optical emission spectroscopy (GDOS). In addition, the nanoindentation hardness of the films was measured using a Micro Materials NanoTest System equipped with a Berkovich diamond indenter. In performing the nanoindentation tests, the initial load was set as 0.01 mN, the maximum load as 5 mN, the loading and unloading rate as 0.05 mN s
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, and the dwell time under maximum load as 10 s. Figure 1 (a) shows a typical cross-sectional STEM micrograph and EDS line-scan profile of the asdeposited Cr 70 Al 30 multilayer film. Note that the darker layers are Al, whereas the lighter layers are Cr. The micrograph confirms the presence of an alternating multilayer structure with a bilayer period of approximately 12 nm. The multilayer structure has offsets of Cr and Al concentrations in the Cr-rich and Al-rich layers, respectively, and the Al and Cr concentrations are not zero. These findings suggest the occurrence of co-deposition during the sputtering process. Figure 1 (110) and (200) orientations. For the films with an Al content of less than 30 at.%, the spectra contain only Cr peaks. In other words, the Al dissolves fully into the bcc Cr matrix. This observation is consistent with the findings of Chakrabarti and Beck 17 that the maximum solubility of Al and Cr in bulk alloy is 30.7 at.%. Al phases are also detected when the overall Al content increases to 52 or 62 at.% because the solubility is more than 30.7 at.%. The position of Cr(110) peaks gradually shifts toward the lower diffraction angle as the Al content increases (inset of Figure  2(a) ). This result can be attributed to the increase in the interplanar spacing (d-spacing) of the Cr(110) crystal planes. The increase in d-spacing is caused by the formation of solid solution in the Cr/Al multilayer films whereby Cr atoms are substituted by Al atoms. This is because the radius of Al (0.1431 nm) is larger than that of Cr (0.1249 nm). Figure 2 (b) shows a linear relationship between Al content and peak position, lattice constant, and d-spacing as the overall Al content increases from 0 to 30 at.%. These results are in agreement with Vegard's 18 law for solid solutions. The Cr(110) peak profiles in the inset of Figure 2 (a) also show an increase in the peak width and a decrease in the peak intensity as the Al content increases. This result could be attributed to two factors. The first factor is the non-uniform lattice distortion of the Cr lattice, which is due to the dissolution of Al in Cr with a non-uniform and nonstoichiometry solubility (Figure 1(a) ). The second factor is the reduction of crystallite size (Figure 2(c) ). The crystallite size was determined using the WilliamsonHall method 19 and the Lorentzian peak profiles. The crystallite sizes of Cr were calculated from Cr (110) Figure 3 shows the cross-sectional structure of the Cr-Al multilayer films using FESEM. The fracture cross-section of the pure Cr coating has obvious and undamaged columnar grains that grow larger as they approach the surface. The average width of the columnar grains close to the surface is approximately 400 nm. After annealing at 600°C, compared to the as-deposited films, the fracture mode changes from an intergranular fracture to an intragranular fracture during the preparation of cross-sectional samples. As the Al content increases, the columnar structure becomes slender and less obvious. This means that the addition of a small amount of Al hinders the growth of chrome columnar grains, making the grains more compact and refined. When the overall Al content reaches 30 at.%, the columnar grains disappear and evolve into small and closely packed equiaxed grains, and the surface becomes smoother. The average diameters of the grains of as-deposited and annealed Cr 70 Al 30 films are approximately 50 and 70 nm, respectively. However, further increasing the concentration of Al reduces the coating compactness and increases the grain size. When the overall Al content reaches 62 at.%, the grain sizes of the as-deposited and annealed films increase to 80 and 110 nm, respectively. The tendencies of the grain size measurements obtained from the scanning electron microscopy (SEM) images are in good general agreement with the values calculated from the XRD patterns. However, it is noted that the measured grain sizes are larger than (or equal to) the calculated values since one grain may actually contain several crystals. Figure 4(b) shows the hardness values of the as-deposited and annealed films and the oxygen diffusion depth (as measured again by EFTEM elemental mapping) as a function of the Al content. It is seen that the oxygen diffusion depth has a maximum value of approximately 600 nm in the annealed samples. However, the diffusion depth reduces notably as the Al content increases. The hardness of the as-deposited pure Cr coating is around 2.0 GPa. As the Al content is increased to 30 at.%, the hardness increases significantly to around 26.8 GPa. However, as the Al content is further increased, the hardness reduces. As discussed earlier, Al phases are present in the multilayer films with Al contents of 52 or 62 at.% since full solubility of the Al into the Cr matrix is impossible for additions greater than 30.7 at.%. For the maximum Al content of 62.4 at.%, the hardness decreases notably to 6.4 GPa. Comparing these results to the previous results presented for the solid solution and crystallite size suggests that two factors are responsible for the variation in the hardness of the asdeposited coatings. The first factor is that of solid solution strengthening, in which the maximum hardness is achieved when the overall concentration of Al reaches the maximum solid solubility (i.e. 30.7 at.%). The second factor is that of grain size strengthening, in which the hardness decreases as the Al content increases beyond 30.7 at.% due to the precipitation of large Al crystallites. The results in Figure 4(b) show that annealing increases the hardness of all the samples. For the pure Cr film, the hardness increases only slightly from 2.0 to 3.6 GPa despite the presence of a thick oxide layer (i.e. 600 nm). However, a more substantial enhancement of the hardness occurs in the films containing Cr 2 Al and/or Cr 5 Al 8 IMCs despite the relatively lower thickness of the oxide layer (i.e. 50-70 nm). In general, the results suggest that the improved hardness of the coatings following annealing is the result primarily of the formation of Cr 2 Al and Cr 5 Al 8 IMCs and, to a lesser extent, oxide layer formation. However, further research is required to determine the exact nature of the oxide formed on the surface (i.e. Cr 2 O 3 , Al 2 O 3 , or mixed oxide) and to explore further possible mechanisms for the enhanced hardness, such as dislocation movement.
Summary
Nanometric Cr-Al multilayer films with a bilayer period of approximately 12 nm have been deposited on AISI M2 steel substrates. The effects of the Cr-Al composition and elevated temperature annealing on the microstructure, phase transformation, and hardness of the films have been examined by means of XRD, FESEM, EDS, STEM, GDOS, and nanoindentation testing. For an Al content of less than 30 at.%, the XRD spectra show the presence of only Cr peaks (i.e. no Al peaks are observed). However, as the Al content increases to 52 or 62 at.%, Al phases are detected since the Al content is greater than the maximum solubility limit for Al in Figure 3 . Cross-sectional SEM images of as-deposited Cr 100 2 x Al x multilayer films with (a) x = 0 at.%, (c) x = 30 at.%, and (e) x = 62 at.% and annealed Cr 100 2 x Al x multilayer films with (b) x = 0 at.%, (d) x = 30 at.%, and (f) x = 62 at.%.
Cr (i.e. 30.7 at.%). For the annealed Cr 1002x Al x coatings with x = 30 at.% and x = 62 at.%, a reaction of the Cr and Al occurs, resulting in the formation of Cr 2 Al and Cr 5 Al 8 IMCs in the multilayer film. The hardness of the as-deposited pure Cr coating is equal to just 2.0 GPa. However, for an Al content of 30 at.%, the hardness increases to 26.8 GPa. The enhancement in the hardness of the as-deposited coatings is attributed to solid solution strengthening and grain size strengthening. Irrespective of the Al content, the annealed coatings exhibit a greater hardness than the as-deposited samples. The improved hardness is the result primarily of Cr-Al intermetallic formation and, to a lesser extent, the presence of an oxide layer. 
